Abstract. One of the most subtle problem in the characterization of thermoresponsive polymers is the evaluation of the relationship between the lower critical solution temperature (LCST) of the linear polymer and the volume phase transition temperature (VPTT) of the corresponding hydrogel. Here, the LCST and the onset temperature of linear poly(N-isopropylacrylamide-co-N-hydroxymethyl acrylamide) has been determined under pseudo-physiological conditions by cloud point (CP) measurements and by microcalorimetric analysis. The LCSTs, as well as the onset temperatures, determined by the CP method, decrease with increasing the concentration of the polymer solution. On the contrary, microcalorimetric analyses give almost the same values for LCSTs and the onset temperatures regardless of polymer concentration. The VPTT of the hydrogel, determined by the blue dextran method, was found to be closely similar to the LCST of the concentrated polymer solution (10%, w/v), determined by the CP method. In fact, the hydrogel could be considered as a concentrated polymer solution whose concentration could be related to the amount of water retained by the hydrogel. Hydrogel microspheres have been also reported to release diclofenac, a drug model system, in a pulsating way at temperatures slightly below and above the VPTT.
Introduction
In the last decades, much attention has been focused on thermoresponsive drug delivery systems [1] [2] [3] . Indeed, temperature variations trigger changes of the polymer configuration, leading to the modulation of the release rate of incorporated drugs. Poly(N-isopropylacrylamide) (poly(NIPAAm)) is the most relevant thermoresponsive polymer for biomedical applications, because it possesses a sharp phase transition or a lower critical solution temperature (LCST) around 32ºC in aqueous solutions [4, 5] . Below the LCST, the polymer is in the hydrated state and therefore it is soluble. Above the LCST, the polymer is dehydrated, becomes hydrophobic, and precipitates. Accordingly, the cross-linked hydrogels obtained from this polymer swell under the critical temperature and collapse above it. The critical temperature of the hydrogel is called volume phase transition temperature (VPTT) and it is often confused with the LCST [6, 7] . For determining the LCST of linear thermoresponsive polymer, the cloud point (CP) method is used to determine the CP value [8] , and the differential scanning calorimetry analysis applies to obtain the endothermic transition peak [9] . Usually, the concentration of the polymer solution used for the determination of the LCST value by calorimetric and absorbance studies is low (0.5-1%, w/v) [10, 11] . The LCST value determined at low concentration is then taken as the VPTT of the hydrogel, although the physical and chemical crosslinked hydrogels used in biomedical applications are prepared starting from high concentrated polymer solutions (5-10%, w/v) [11, 12] . Moreover, cross-linked hydrogels in the swollen state could be considered as a concentrated polymer solution related to the amount of water retained by the hydrogel.
The VPTT values of thermoresponsive hydrogels are generally determined by the equilibrium swelling ratio method [13, 14] . Hydrogels (most in the form of discs or slabs) are weighed and allowed to reach their equilibrium swelling state at different temperatures. Then, the hydrogels are taken out from the solvent and the excess of solvent present on their surface is removed by blotting with filter paper. However, this method, that allows to determine the water retained at different temperatures, is unreliable since the gel is taken out at room temperature and tapped for a random time with a filter paper or laboratory tissue [15, 16] . Moreover, in the case of microspheres, this method gives wrong results, since it is not possible to discriminate between the water that is present in the microspheres and the water present between the microspheres. On the basis of these considerations, the main purpose of this paper is to evaluate the correspondence between the LCST values of the polymer solutions at different concentrations and the VPTT values of the corresponding hydrogels. Firstly, we synthesized the poly(N-isopropylacrylamide-co-N-hydroxymethyl acrylamide) (poly(NIPAAm-co-HMAAm)) copolymer with a LCST value (under physiological conditions) closely similar to the body temperature. Secondly, we studied the influence of the solution concentration on the LCST value by DSC and CP methods. Thirdly, the linear thermoresponsive polymer was transformed in cross-linked hydrogel microspheres, and the VPTT was determined by the blue dextran method and compared with the LCST value. Finally, the release of diclofenac, a drug model system, at temperatures situated slightly below and above the VPTT was investigated.
2. Materials and methods 2.1. Materials N-isopropylacrylamide (NIPAAm) (from SigmaAldrich Chemical Co., Milwaukee, WI, USA) was re-crystallized with hexane. The N-hydroxymethylacrylamide (HMAAm) aqueous solution (48 wt%), the glutaraldehyde (GA) aqueous solution (25%, w/v), 1,4-dioxane, and N,N'-azobisisobutyronitrile (AIBN) were supplied from Fluka AG (Buchs, Switzerland). 1,4-Dioxane was purified by refluxing and AIBN was purified in methanol. Light mineral oil (d = 0.84 g·ml -1 ) and diclofenac (Na form) were purchased from Sigma-Aldrich Chemical Co. (St Louis, MO, USA). Blue dextran (BD) was provided from Pharmacia (Uppsala, Sweden). All the other chemicals were from Fluka AG (Buchs, Switzerland). All chemicals were of the highest analytical grade.
Synthesis of poly(NIPAAm-co-HMAAm)
Synthesis of linear poly(NIPAAm-co-HMAAm)) was carried out by free radical copolymerization in 1,4-dioxane with AIBN as the initiator. Typically, 1.13 g of NIPAAm (10 mmol), 0.4 ml of HMAAm (2 mmol) and 0.010 g AIBN were solubilized in 12 ml of 1,4-dioxane. Dried nitrogen was bubbled through the solution for 30 min. prior to polymerization. The reaction mixture was allowed to react at 70°C for 16 hours. The polymer was precipitated into diethyl ether, and dried under vacuum. Finally, the copolymer was solubilized in distilled water, dialyzed for 7 days at 22°C (molecular weight cut off 10 000-12,000 Da; from Medi Cell International, England), and recovered by freeze-drying.
Copolymer composition
The copolymer composition was determined by 1 H NMR analysis. 1 H NMR spectra of poly (NIPAAm-co-HMAAm) were recorded in D 2 O on a Varian Mercury Plus 400/Varian VXR 200 spectrometer operating at the frequency of 400 MHz. The molar fraction of HMAAm in poly(NIPAAmco-HMAAm) was calculated according to Equation (1):
where Y is the molar fraction of NIPAAm calculated as the area of the methynic proton at 3.91 ppm, and (3!MAAm + 3!NIPAAm + 6!NIPAAm) is the total area of the peaks between 0.5 and 2.5 ppm, corresponding to the main backbone protons (3!HMAAm + 3!NIPAAm) and the NIPAAm methylenic protons (6!NIPAAm).
2.4.
Determination of the molecular weight of poly(NIPAAm-co-NHMAAm) The number-average (M n ) and weight-average (M w ) molecular weight of poly(NIPAAm-co-HMAAm) were determined by GPC using an instrument GPC-PL-EMD 950 from Polymer Laboratories (Shropshire, UK) (in dimethylformamide at 120°C, the flow rate was 0.7 ml/min). Calibration was carried out with monodisperse polystyrene standards.
LCST determination
LCST was determined from the absorbance at 450 nm measured against temperature using an UV-Vis spectrophotometer coupled with a temperature controller. The polymer solution was prepared in standard phosphate buffer (pH = 7.4, 50 mM Na 2 HPO 4 and NaOH) (PB). The heating rate was 0.2°C every 10 minutes. CP was defined as the temperature corresponding to the absorbance value of 0.5 of the curve of the absorbance versus temperature. The onset temperature was defined as the temperature at which the first signs of turbidity occurred. Microcalorimetric analyses were performed in PB with a DSC III microcalorimeter (Setaram, Caluire, France) at a heating rate of 0.5°C/min, under nitrogen. The transition temperature was defined as the temperature corresponding to the peak of the thermogram. The onset temperature was determined from crossing of the baseline with the leading edge of the endotherm.
Microsphere preparation
Typically, 1 g copolymer was solubilized in 10 ml distilled water, at 22°C. Then, 0.4 ml of 0.5 M H 2 SO 4 and 0.5 ml of 25% GA (w/v) were added just before dispersion of the aqueous copolymer solution in the dispersion phase. The continuous phase consists in 100 ml light mineral oil containing 0.5 g soybean lecitin, as the dispersing agent. The mixture was stirred at 350 rpm by a three-blade turbine impeller. The reaction temperature was fixed below the LCST of the polymer solution (34°C); the reaction time was 24 hours. Finally, cross-linked microspheres were washed successively with diethyl ether, methanol, water, methanol, and dried diethyl ether.
Morphological and dimensional analysis
of the microspheres The morphology of the microspheres was evaluated by scanning electron microscopy (SEM) (ESEM, type Quanta 200, Netherlands) and by optical microscopy using an inverted microscope (Nikon Diaphot, Tokyo, Japan) equipped with a digital camera. The mean diameter of the microspheres was determined on digital photomicrographs, considering at least 100 microspheres for each sample. The analysis was performed by the computerized size analysis system NIH image.
Volume phase transition temperature
The volume phase transition temperature (VPTT) corresponded to the inflexion point of the curve of PB retention as a function of temperature. The PB retention values at different temperatures were determined by the BD approach based on the solute exclusion technique at equilibrium [17] . In a closed vial, 200 mg of dried microspheres were soaked in 10 ml of PB containing BD (2 mg/ml). After reaching equilibrium (24 hours), 0.5 ml of the solution were picked up and the BD content was assayed by UV-Vis spectrophotometry, at 618 nm. The PB retention (PB R ) values were determined according to Equation (2): (2) where V i is the initial volume of the BD solution [ml] , C i is the initial concentration of BD [mg/ml], and C e is the BD concentration at equilibrium, in the presence of microspheres [mg/ml].
Drug loading
Drug-loaded microspheres were prepared by soaking 100 mg dried microspheres in 4 ml of ethanol containing diclofenac (2.5 mg/ml). After the complete evaporation of the solvent at 22±2°C, the
5 C e microspheres were washed with 10 ml of diethyl ether and dried under vacuum at room temperature. The amount of the retained drug, per mg of dried microspheres, was determined by solubilization of the entrapped drug in ethanol. The amount of the drug in the filtrate was determined after microsphere isolation by UV-Vis spectroscopy, using a previously made calibration curve.
In vitro drug release kinetics
In vitro drug release kinetic studies were performed (under thermal cycling operation), at different temperatures, by soaking an appropriate amount of loaded microspheres in 50 ml of PB solution under gentle stirring. At regular time intervals, aliquots of the released medium were withdrawn and the drug content was determined spectrophotometrically. The same volume of the released medium was added to replace the volume of the extracted samples.
Results and discussion 3.1. Preparation and characterization of the thermoresponsive copolymer
The biomedical applications of thermoresponsive polymers are achievable when the polymers possess a phase transition corresponding approximately to the human body temperature. Moreover, the thermal transition should be sharp when very small variations of temperature occur below and above the LCST. As it is well known, poly(NIPAAm) exhibits a LCST value at 32ºC in aqueous solution [4, 5] . Under pseudo-physiological conditions (PB at pH 7.4) the LCST decreases to lower temperatures [12] . In order to increase the LCST towards body temperature, NIPAAm is usually copolymerized with hydrophilic monomers [18, 19] . Here, HMAAm was selected to be copolymerized with NIPAAm. Note that the presence of HMAAm in the copolymer does not affect the acrylamide sequence of NIPAAM, which is responsible for thermorespon- Table 1) sibility. In addition, HMAAm possesses hydroxyl groups which undergo easily to cross-linking. As reported in Table 1 and proven by 1 H NMR spectra (Figure 1) , the copolymer formation and the percentage of the co-monomers in the copolymer correspond approximately to those observed in the feed. It should be noted that increasing the HMAAm content of the copolymer, the LCST value increases, however it shows a sharp phase transition. The copolymer containing an initial 10/2 NIPAAm/ HMAAm co-monomer molar ratio (sample TP3) possesses a LCST value of 36.8°C corresponding to the human body temperature.
Influence of the polymer concentration on
LCST Generally, the LCST value of the hydrogels is determined by the CP method at low polymer concentration (0.5-1%) [10, 11] , this value is then assumed to correspond to that of the hydrogels. However, the chemically cross-linked hydrogels are prepared from highly concentrated polymer solution (5-10%) [11, 12] . Moreover, hydrogels could be considered as concentrated polymer solutions whose concentration could correspond approximately to the amount of the retained water. Therefore, from both the theoretical and practical viewpoints, the influence of the concentration of the polymer solution on the LCST value under pseudophysiological conditions must be determined. As shown in Table 2 , the LCST value of linear poly (NIPAAm-co-HMAAm) determined by CP measurements decreases as the concentration of the polymer increases. However, in a highly concentrated solution, the solution opalescence is more accentuated than in a diluted solution. Since this discrepancy could affect the exact determination of LCST, we considered also the onset points which correspond to the first opaqueness that appeared in the solution (Table 3 ). In addition, the influence of polymer concentration on LCST was determined by the DSC technique (Figure 2) . The onset temperature determined by the CP method decreases on increasing the polymer concentration. In contrast, the LCST values and the onset points determined by the calorimetric method seem to be unaffected by the polymer concentration (see Tables 2 and 3 ). In fact, the calorimetric technique gives information on the heat released from the cleavage of hydrogen bonds between the water solvent and the polymer [20] . Therefore, it is expected that dehydration occurs at the same temperatures regardless of the polymer concentration, while the CP method detects the clouding of the solution due to the hydrophobic interactions between the polymer chains [21] . Obviously, hydrophobic interac- Table 1 ) in phosphate buffer at pH 7.4 at different concentrations. The scanning rate was 0.5ºC·min -1 tions are faster in a highly concentrated solution, and therefore the phase transition appears to be sharper at high polymer concentration (Figure 3a, b) .
In conclusion, the CP method is a more reliable technique since highlights the dehydration and the hydrophobic interactions of the polymer chains, giving information at the macroscopic level.
Preparation and characterization of thermoresponsive microspheres
Spherical poly(NIPAAm-co-HMAAm) microparticles with a mean diameter of 102 #m (Figure 4a ) were prepared from preformed polymers (TP 3 ) by cross-linking the -OH groups of HMAAm with GA, under acidic conditions [22] . Microspheres were prepared at a temperature as high as possible, but lower than the LCST. Preliminarily, the value of the LCST of the polymer solution (= 38.5º) was determined by CP method under the same preparation conditions (i.e. in the presence of H 2 SO 4 and GA). After cross-linking at a temperature below the LCST (= 34ºC), the microspheres still retain the thermoresponsive properties of the linear copolymer (Figure 4 b, c) . However, the most important question rising here concerns the coincidence of the VPTT value of the microspheres with the LCST value of the linear polymer. The VPTT of the hydrogel was determined by measuring the amount of PB retention at different temperatures. The PB retention of the microspheres was determined by an accurate method based on solute exclusion at equilibrium [17] . This method is based on measuring the increase of the BD concentration in supernatant, which occurs when dried microspheres are added to a solution of BD. Therefore, the temperature dependence of the PB retention was monitored ( Figure 5 ). A decrease of the PB retention was observed even at temperatures lower than those of the onset points. This behavior is somewhat unexpected since no influence of temperature on the dehydration process was previously reported for the linear polymer under peak onset values when determined by calorimetric studies (Figure 2) . Nevertheless, the decrease of the PB retention profile is discontinuous around 36.5ºC, corresponding to the VPTT of the hydrogel microspheres. This value is closely similar to the LCST value of the linear polymer at the polymer concentration of 10% (w/v) as determined by the CP method (sample TP 3 in Table 2 ). Note that the volume of PB retained by the hydrogel microspheres at 22ºC is 11.2 ml/g, and corresponds approximately to the concentration of the polymer solution that displays the LCST value of 36.8ºC. In conclusion, the VPTT of the hydrogel is in agreement with the LCST value of the polymer solution at the concentration corresponding to the amount of PB retained by the hydrogel. Conflicting data are reported in the literature concerning the relationships between the phase transition of the linear polymers and the hydrogels. Some authors report that both the transition temperature and the heat of collapse of the poly(NIPAAm) gel show similar values to those of the poly(NIPAAm) solutions [23] . Other authors report that the transition temperature of poly(NIPAAm) gels is slightly higher (1-2ºC) than that of the linear polymer solutions [24, 25] . This difference in the transition tem- perature could be explained by the reduced 'mobility' of the polymer chains in a cross-linked network.
We agree with the last interpretation; however, when the cross-linking degree is enough low, its influence is negligible.
Drug loading and release studies
The release of drugs by thermal cycling was performed for most of thermoresponsive hydrogels at temperatures far below and above the LCST of the linear polymer (i.e., 25 and 40ºC) [26, 27] . The reason is to be sure that these temperatures are also situated below and above the VPTT of the hydrogel, which in fact, is not known. However, biomedical applications of the hydrogels are only possible when the volume changes take place at temperatures slightly higher and lower than the VPTT. On the basis of these considerations, we studied the release of diclofenac from thermoresponsive microspheres at 35 and 38ºC, i.e. at temperatures closely near the VPTT (= 36.5°C) ( Figure 6 ). Previously, diclofenac, used as low molecular weight model drug, was loaded in thermoresponsive microspheres by the solvent evaporation method. This process was performed in ethanol since diclofenac displays a good solubility in this solvent and the thermoresponsive microspheres possess a high swelling degree in ethanol (swollen volume/dried volume = 17.9). Following this procedure, a high encapsulation efficiency (95.4±3%) was obtained, in fact almost the entire amount of the drug from solution is forced to diffuse into the microspheres during ethanol evaporation. The entrapped drug is molecularly dispersed in the network of the microspheres as proved by the absence of any fusion peak of the drug crystals in the DSC thermogram of loaded microspheres (data not shown). The release rate of diclofenac is mainly determined by diffusion of the drug through the pores of the microsphere matrix. Below the VPTT value (i.e., at 35ºC), the hydrogel microspheres are in the swollen state and no steric interaction between the drug and the microsphere matrix takes place; therefore, the release rate of the drug is high. On the contrary, when the temperature is raised above the VPTT (i.e., at 38ºC), the microsphere matrix is in a collapsed state and the diffusion of the drug is impaired. Moreover, additional hydrophobic interactions between the drug and the polymer network occur; accordingly, the release rate is dramatically reduced. Finally, a pulsating drug release was achieved under thermal cycling between 35 and 38ºC. Notably, a fraction of the drug is expelled during the shrinkage of the microsphere matrix, when the temperature increases above the VPTT. This suggests the presence of the dissolved drug in the swollen hydrogel. Such drug fraction is mechanically squeezed out from the system when the hydrogel network collapsed.
Conclusions
Poly(NIPAAm-co-HMAAm)) was synthesized both as a thermoresponsive linear polymer and as cross-linked hydrogel microspheres. The LCST value, determined by the CP method, strongly depends to the polymer solution concentration. On the contrary, the LCST value determined by the calorimetric method is unaffected by the polymer concentration. The CP method was found to be a more reliable technique to characterize a hydrogel because takes in consideration both the dehydration and hydrophobic interactions of polymer chains, giving information at macroscopic level. The VPTT value of the hydrogel agrees with the LCST value of the polymer solution at the concentration corresponding to that of PB retained by the hydrogel. The pulsating release of diclofenac under thermal cycling operation at temperatures slightly below and above the VPTT, here determined, confirmed that the phase transition temperature of the hydrogel is well determined. 
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